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Stromal-epithelial interactions play a critical role in
development of benign prostatic hyperplasia. We
have previously shown that stromal cells associated
with prostatic carcinoma can potentiate proliferation
and reduce cell death of prostatic epithelial cells. Ge-
netic alterations in stromal cells affect stromal-epithe-
lial interactions and modulate epithelial growth. The
c-Jun proteins that are early transcription factor mol-
ecules have been shown to regulate stromal-epithelial
interactions via paracrine signals. Moreover, the Jun-
family member proteins have been shown to play an
important role in proper development of the genito-
urinary organs. In this study, we show that c-Jun
protein in fibroblasts regulates production and para-
crine signals of insulin-like growth factor-1 (IGF-1).
c-jun�/� fibroblasts secrete higher levels of IGF-1 and
stimulate benign prostatic hyperplasia-1 cellular pro-
liferation. In addition, stromally produced IGF-1 up-
regulates epithelial mitogen-activated protein kinase,
Akt, and cyclin D protein levels while down-regulating
the cyclin-dependent kinase inhibitor p27. These data
suggest that stromally expressed c-Jun may promote
prostatic epithelial proliferation through IGF-1 as a
paracrine signal that, in turn, can promote prostate
epithelial proliferation. Identification of the signal
transduction pathways between prostate epithelial cells
and the surrounding stromal cells will improve our
understanding of the normal and abnormal biology in
prostatic diseases. (Am J Pathol 2007, 171:1189–1198; DOI:
10.2353/ajpath.2007.070285)

Benign prostatic hyperplasia (BPH) is the most common
age-related proliferative abnormality of the human prostate
affecting elderly men throughout the world. Half of all men
have BPH identifiable histologically by age 60, and by age

85 the prevalence is �90%.1 The excessive cell prolifera-
tion associated with BPH causes benign prostatic enlarge-
ment, bladder outlet obstruction, and lower urinary tract
symptoms, which afflict the patients.2 BPH is a histological
diagnosis associated with both epithelial and stromal (fibro-
blasts and smooth muscle cells of prostate) hyperplasia.3

Cellular alterations that include changes in proliferation,
differentiation, apoptosis, and senescence in the epithelium
and stroma are implicated in the pathogenesis of BPH.
Medical treatments available to patients with BPH target
both prostatic stromal and epithelial cells.

Watchful waiting, pharmacological therapy, and sur-
gery are three treatment modalities for BPH patients.
Medical therapy is a long-term commitment for the pa-
tient. Surveys show that a large number of patients dis-
continue therapy, often because they perceive lack of
efficacy and/or experience side effects.4,5 We can ac-
cordingly improve our treatment of BPH by better tar-
geted medical therapy to decrease the number of inva-
sive therapies for this benign disease. Better alternative
and improved therapies can be achieved by studying the
normal and abnormal reciprocal cross talk between pros-
tatic stromal and epithelial cells.

Stromal-epithelial interactions play a critical role in the
development and growth of the prostate gland and BPH.
Cunha and colleagues6–8 have demonstrated that the stro-
mal embryonic tissue is responsible for instructing the
proper development of prostate epithelial cells. Tissue re-
combinants between embryonic urogenital sinus mesen-
chyme and adult prostatic tissue have demonstrated that
the fetal mesenchyme can drive differentiation and growth
of adult prostatic epithelial cells.9 It has been proposed that
BPH may be caused by reactivation of dormant embryonic
growth in the adult stroma.10 The proliferation of the stromal
elements can stimulate the ingrowth of epithelial cells to
produce a benign hyperplastic growth that is recognized

Supported by the National Institutes of Health (National Institute of Dia-
betes and Digestive and Kidney Diseases grant DK64062 to A.F.O.).

Accepted for publication June 26, 2007.

Supplemental material for this article can be found on http://ajp.
amjpathol.org.

Address reprint requests to Aria F. Olumi, Massachusetts General
Hospital, Yawkey Bdlg., Suite 7E, 55 Fruit St., Boston, MA 02114-2354.
E-mail: aolumi@partners.org.

The American Journal of Pathology, Vol. 171, No. 4, October 2007

Copyright © American Society for Investigative Pathology

DOI: 10.2353/ajpath.2007.070285

1189



histologically as BPH. Paracrine pathways through stromal
cells can activate epithelial budding and subsequent BPH
nodule formation.

Several families of growth factors, which have been
shown to act as paracrine mediators of stromal-epithelial
interactions, are involved in the development of prostate
cancer and BPH. These include the following: fibroblast
growth factor, insulin-like growth factor (IGF), epithelial
growth factor, hepatocyte growth factor, and transform-
ing growth factor-�. Although most of these factors are
predominantly stimulators of proliferation,11–16 some can
have dual functions as both stimulators of proliferation
and promoters of cell death.17,18

Differential expression of some genes in the stroma has
been shown to produce signals that affect epithelial cell
growth. For example, Szabowski and colleagues19,20 dem-
onstrated that in the presence of stromally expressed c-Jun,
KGF [keratinocyte growth factor (also known as fibroblast
growth factor-7)] and granulocyte macrophage colony-
stimulating factor (GM-CSF) affect development of epithelial
cells. Recently, the activator protein-1 (AP-1) family of pro-
teins has been postulated to play a critical role in stromal-
epithelial interactions and regulation of epithelial prolifera-
tion and differentiation.19,20

AP-1 family transcription factor is a dimeric protein
complex composed of heterodimers between Jun (c-
Jun, JunB, and JunD), Fos (c-Fos, FosB, Fra-1, and
Fra-2), and ATF family gene products. The predomi-
nant forms of AP-1 in most cells are Fos/Jun het-
erodimers, which have a high affinity for binding to an
AP-1 site. Extracellular or intracellular signals, includ-
ing growth factors, transforming oncoproteins, and UV
irradiation, stimulate c-Jun activation and regulate c-
Jun-dependent transcription.21,22 Potentially, there-
fore, activated c-Jun could play an important role in
stromal-epithelial interactions.20,23 The Jun-family of
proteins function as critical transcription factors, regu-
lating the expression of many genes such as IGFs,
fibroblast growth factors, epithelial growth factor, he-
patocyte growth factor, and transforming growth fac-
tor-�. It is not surprising then that they may also regu-
late downstream paracrine effectors between stromal
and epithelial cells.19,24,25 Because development of
BPH is closely linked to the interplay between stromal
and epithelial cells, we suspect that the relative ex-
pression of different Jun-family proteins in the prostatic
stroma can have a paracrine effect on epithelial hyper-
plasia. Further, other groups have suggested that
IGF-1 and IGF binding protein-3 (IGFBP-3) are
associated with BPH development and prostatic
cancer.11,14,26,27

In the present study, we demonstrate that expression
of c-Jun in the fibroblastic stroma can promote secretion
of IGF-1. We show IGF-1 acts as a paracrine molecule
that stimulates prostate epithelial cell proliferation
through activating specific target genes. Therefore, para-
crine signals from stromal cells with genetically modified
c-Jun can regulate prostatic epithelial proliferation. These
signaling pathways may play an important role in devel-
opment of BPH in elderly men.

Materials and Methods

Cell Culture and Treatment

Human BPH-1 cells that were immortalized with SV-40
large T-antigen cells were kindly provided by Dr. Simon
Hayward (Vanderbilt University, Nashville, TN). c-Jun
wild-type (c-jun�/�) and c-Jun knockout (c-jun�/�)
mouse embryonic fibroblasts were obtained from Dr. Tim-
othy C. Chambers (University of Arkansas for Medical
Sciences, Little Rock, AR). Prostate-specific c-jun�/�

cells were not possible to obtain because this strain of
mice is embryonically lethal at mid gestation (�12.5 days
of gestation).28 The hormone-sensitive human prostate
cancer cell line CWR22-Rv1 was obtained from American
Type Culture Collection (Manassas, VA). Cells were cul-
tured in Dulbecco’s modified Eagle’s medium (DMEM)
tissue culture medium supplemented with 2 mmol/L L-
glutamine, 10% fetal bovine serum (FBS), and 1% peni-
cillin-streptomycin at 37°C with 5% CO2.

In our co-culture experiment, BPH-1 cells were cul-
tured in 0.4-�m-pore size permeable membrane trans-
well insert (Corning Inc., Corning, NY) in the upper co-
culture compartment system, and mouse fibroblasts were
cultured in the lower co-culture compartment using 24-
well plates. BPH-1 cells (5 � 103) were seeded in trans-
well in each well. When 50% confluent, BPH-1 cells were
serum-starved (FBS-free DMEM containing 50 �g/ml
penicillin-streptomycin and 2 mmol/L L-glutamine) for 24
hours. At the same time, 5 � 104 fibroblasts were plated
onto 24-well plates. When 90% confluent, fibroblasts
were cultured using 1% FBS DMEM medium for 24 hours.
Transwells containing BPH-1 cells were subsequently
transferred to 24-well plates with fibroblasts or no cells for
the controls. The stromal-epithelial co-cultures were
maintained in 1% FBS DMEM medium. Co-cultures were
performed for 72 hours.

Cell Proliferation Assays

Cell proliferation was determined by the MTS method in
accordance with the manufacturer’s instructions (Cell Ti-
ter 96 aqueous assay; Promega, Madison, WI). In brief,
MTS substrates were added and incubated for 2 hours at
37°C. Absorbance was measured at 490 nm using a
microtiter plate reader. Proliferation of control cells was
set at 100%, and absorbance of wells with medium and
without cells was set at zero. Each measurement was
performed in triplicate.

Chemicals and Antibodies

Recombinant mouse IGF-1, monoclonal anti-mouse
IGF-1 neutralizing antibody, and anti-mouse IGF-1 en-
zyme-linked immunosorbent assay (ELISA) kit were ob-
tained from R&D Systems Inc. (Minneapolis, MN). IGF-1
receptor inhibitor I-OMe-AG538 was obtained from EMD
Calbiochem (La Jolla, CA) and dissolved in dimethyl
sulfoxide at a stock concentration of 2 mmol/L at �20°C.
Fresh dilutions in medium were made for each experi-
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ment. PI3K inhibitor LY294002 was obtained from Cell
Signaling (Beverly, MA). The following antibodies were
obtained: horseradish peroxidase-conjugated secondary
antibody (goat anti-mouse, goat anti-rabbit), IGF-IR�, c-
Jun (for immunohistochemical analysis), cyclin D2, cy-
clin-dependent kinase (CDK4 and CDK6), and p27 from
Santa Cruz Biotechnology, Inc. (Santa Cruz, CA); c-Jun
(for Western blot), phospho-IGF-1R� (Tyr1131), phos-
pho-IRS-1 (Ser636/639), Akt, phospho-Akt (Ser473), ex-
tracellular signal-regulated kinase (ERK), phospho-ERK
(Thr202/Tyr204), p38, phospho-p38 (Thr180/Tyr182), c-
Jun NH2-terminal kinase (JNK), phospho-JNK (Thr183/
Tyr185), cyclin D1, and cyclin D3 from Cell Signaling; and
GAPDH antibody from Abcam, Inc. (Cambridge, MA).

Immunohistochemistry

Formalin-fixed, paraffin-embedded tissue blocks and fro-
zen tissue sections embedded in OCT were cut into 5-�m
sections and mounted on positively charged slides. Tis-
sue sections were deparaffinized with xylene and rehy-
drated with graded alcohol solutions. After antigen re-
trieval in citrate buffer (pH 6.0), endogenous peroxidase
was quenched in 3% hydrogen peroxide/phosphate-buff-
ered saline (PBS) for 5 minutes. Slides were washed with
PBS and water. Tissue sections were incubated with the
primary antibody of interest per the manufacturer’s rec-
ommendations. After incubation with primary antibody,
slides were washed with PBS and incubated with biotin-
ylated streptavidin-horseradish peroxidase secondary
antibody. Slides were then counterstained with hematox-
ylin. Positive and negative controls were used throughout
all immunostaining protocols.

Cell Extracts and Western Blot Analysis

Cells were harvested for total cell lysates with RIPA buffer
(1% Nonidet P-40, 50 mmol/L Tris-HCl, pH 8.0, 150
mmol/L NaCl, 0.5% deoxycholate, and 0.1% sodium do-
decyl sulfate) containing a mixture of protease inhibitors
(cocktail 1�, 1 mmol/L phenylmethyl sulfonyl fluoride, 20
mmol/L �-glycerophosphate, 40 mmol/L NaF, and 3
mmol/L Na3VO4). After sonication for 15 seconds, cell
debris was discarded by centrifugation at 12,000 � g for
10 minutes at 4°C, and the protein concentration was
determined by BCA protein assay reagent (Pierce, Rock-
ford, IL). The lysate was boiled for 10 minutes and frozen
at �80°C. Western blot was performed as previously
described.29

Semiquantitative Reverse
Transcriptase-Polymerase Chain Reaction
(RT-PCR) Analysis

Total RNA was isolated with the RNeasy mini kit (Qiagen,
Valencia, CA) according to the manufacturer’s instructions.
The RNA yield and purity were evaluated by measuring
A260/A280 and agarose gel electrophoresis. RT-PCR was
performed using a Superscript One-Step RT-PCR kit (In-

vitrogen Life Technologies, Carlsbad, CA). Of the total
RNA, 0.4 �g was used for 25 �l of the reaction system.
cDNA synthesis was performed at 50°C for 30 minutes
using the following temperature cycles and times: dena-
turation at 94°C for 50 seconds, annealing at 56°C for 50
seconds, and polymerization at 72°C for 1 minute (total
number of cycles � 30), final extension at 72°C for 10
minutes. In each reaction, the same amount of GAPDH
was used as an internal control. The primers used for
PCR were as follows: IGF-1, 5�-ATGTCGTCTTCACAC-
CT-3� (forward) and 5�-ACTTGTGTTCTTCAAATGTACT-
TCC-3� (reverse); GM-CSF, 5�-ATCAAAGAAGCCCTAA-
ACCTCCTG-3� (forward) and 5�-CTGGCCTGGGCTTC-
CTCATT-3� (reverse); KGF, 5�-CTGGCCTTGTCACGAC-
CTGTTTCT-3� (forward); and 5�-CCCTTTCACTTTGCCT-
CGTTTGTC-3� (reverse); GAPDH, 5�-TCCACCACCCT-
GTTGCTGTA-3� (forward) and 5�-ACCACAGTCCATG-
CCATCAC-3� (reverse). The PCR products were resolved
on 1% agarose gels, stained with ethidium bromide, and
then photographed.

ELISA

A commercially available kit for ELISA for IGF-1, obtained
from R&D Systems Inc. (catalog no. MG100), was used
throughout the experiments. In the transwell co-culture
system, the media that had been co-cultured for 72 hours
were collected. The assays were performed following the
instructions of the manufacturer. After completion of the
ELISA assay, luminescence was assayed by a plate-
reader at 450 nm.

Results

Expression of c-Jun Protein in the Stromal and
Epithelial Cells

To determine differentially expressed genes between
prostatic stroma and epithelial cells, microdissected hu-
man prostate stromal and human epithelial cells were
evaluated by microarray gene-chip analysis. We found
that the Jun family of genes was differentially expressed
in the prostatic stroma seven times higher than in pros-
tate epithelial cells.30

To determine whether stromal expression of Jun-family
proteins is important in human BPH samples, surgical
specimens from 15 patients who had undergone trans-
urethral resection of prostate for BPH or radical pros-
tatectomy for prostate cancer were evaluated by im-
munohistochemistry. Prostatic tissues with histological
confirmation of BPH without any evidence of prostate
cancer were evaluated for immunoreactivity to the c-Jun,
JunD, and JunB proteins. We found that c-Jun (Figure
1A) and JunD (data not shown) were expressed heavily in
the prostatic stroma but not in the epithelium. Moreover,
c-Jun was expressed in high levels in the BPH nodules
enriched with stroma.

To examine the role of stromally expressed c-Jun pro-
tein in the stromal-epithelial interaction, c-jun�/� and
c-jun�/� mouse fibroblasts were used in our in vitro co-
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culture systems. We used mouse fibroblastic stroma to
directly examine the potential effect of stromally expressed
c-Jun on prostate epithelial cell proliferation and growth.
Western blot using the c-Jun antibody demonstrated that
c-Jun is expressed in c-jun wild type but not in the c-jun�/�

cells. Immortalized but nontumorigenic prostate epithelial
cells, BPH-1,31 expressed low levels of c-Jun protein com-
pared with wild-type fibroblasts (Figure 1B).

Stromally Expressed c-Jun Affects Epithelial Cell
Proliferation

To explore the effects of stromally expressed c-Jun on
BPH-1 prostate epithelial cells, we used a co-culture
system between stromal and epithelial cells. Co-cultures
of BPH-1 cells with fibroblasts promoted proliferation of
BPH-1 cells compared to BPH-1 cells in monocultures
(Figure 2A). Moreover, c-jun�/� fibroblasts had a stron-
ger effect in promoting BPH-1 cell proliferation than
c-jun�/� fibroblasts. Because we used a co-culture trans-
well system, we avoided cell-to-cell direct contacts be-
tween fibroblasts and BPH-1 cells. We suspect, there-
fore, that specific soluble factors secreted from the
fibroblasts play a crucial role in on BPH-1 cell prolifera-
tion. Conditioned media from fibroblasts promoted BPH-1
cellular proliferation. This demonstrated that specific sol-
uble factors secreted from c-jun�/� cells will affect BPH-1
epithelial cell proliferation (Figure 2B), a condition that is
less prominent in the c-jun�/� fibroblasts.

c-Jun Potentiates Secretions of Specific
Paracrine Growth Factors

To investigate further the effect of c-Jun expression in the
fibroblasts, we examined the mRNA expression of known
target genes for c-Jun. We found that c-jun�/� fibroblasts
expressed higher levels of IGF-1, GM-CSF, and KGF than
did c-jun�/� fibroblasts (Figure 3A). Szabowski and col-

leagues19,20 have shown that stromally expressed GM-
CSF and KGF play an important role in epithelial cell
organogenesis and tissue homeostasis. In our system,
relative mRNA levels of GM-CSF in c-jun�/� fibroblasts
are significantly higher than in c-jun�/� fibroblasts. Nev-
ertheless, the basal protein levels of GM-CSF are low in
both c-jun�/� and c-jun�/� fibroblasts (data not shown).
Recent studies have suggested that men with elevated
plasma levels of IGF-1 and IGF binding protein-3 (IG-
FBP-3) may have an increased risk for future develop-
ment of BPH and prostate cancer.14,27,32,33 Next, we
examined the paracrine stromal-epithelial interactions
that involve the IGF-1 pathway responsible for develop-
ment of BPH. We examined the quantity of IGF-1 by
ELISA assay in our co-culture system. We found that
IGF-1 was predominantly secreted from the c-jun�/� fi-
broblasts and not from the c-jun�/� or the BPH-1 mo-
nocultures. Co-cultures of c-jun�/� and BPH-1 cells dem-
onstrated an equivalent level of IGF-1 secretion,
suggesting that all of the IGF-1 in our systems is from the
c-jun�/� fibroblasts (Figure 3B). Further, production of
IGF-1 is time-dependent in c-jun�/� fibroblasts (Figure
3C). We suspect, therefore, that production of IGF-1 by
the c-jun�/� stromal cells plays a crucial role in promot-
ing proliferation of prostate epithelial cells.

IGF-1 Promotes BPH-1 Cellular Proliferation
through the IGF-1 Receptor

To confirm that IGF-1 is a factor that acts as a paracrine
signal to promote prostate epithelial cell growth, we ex-
amined the effect of recombinant IGF-1 on BPH-1 pros-
tate epithelial cells. We found that IGF-1 stimulated
BPH-1 cellular proliferation in a concentration-dependent
manner (Figure 4A). We also found that the IGF-1 recep-
tor is expressed at an abundant level in BPH-1 cells
(Figure 4B). The IGF-1 receptor inhibitor I-OMe-AG538
partly abrogated the stimulation of c-jun�/� fibroblasts on

Figure 1. Expression of c-Jun protein in stromal and epithelial cells. A: Immu-
noreactivity of c-Jun protein in human BPH. Prostate stroma demonstrates high
reactivity with the c-Jun antibody, whereas prostate epithelial cells show no
reactivity. Left (low-power) and inset (high-power) represent a portion of nod-
ular BPH, whereas right and inset represent glandular BPH. Arrows represent
areas of immunoreactivity with the c-Jun antibody. B: c-Jun protein is expressed
in the c-jun�/� fibroblasts and to a small degree in the BPH-1 cells, but not
expressed in the c-jun�/� fibroblasts. GAPDH is used as loading control.
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BPH-1 proliferation in co-culture (Figure 4C), suggesting
that there are other paracrine factors capable of affecting
prostate epithelial cell proliferation. For example, we
found that IGF-1 neutralizing antibodies also abrogated
proliferation of BPH-1 cells when co-cultured with
c-jun�/� fibroblasts (Figure 4D). These results suggest
that IGF-1 may be an important paracrine factor in the
interaction between stromal and epithelial cells in BPH.

IGF-1 and Stromally Expressed c-Jun Activate
Mitogen-Activated Protein Kinase (MAPK) and
Akt in Prostate Epithelial Cells

To compare the effects of IGF-1 and stromally expressed
c-Jun on prostate epithelial downstream signaling path-
ways, we examined the BPH-1 cells in mono- and co-
culture systems, respectively. As expected, IGF-1 acti-
vated IGF-1R tyrosine kinase and IRS-1, one of the
primary substrates of the IGF-1R (Figure 5A, left). Similar
results obtained in the co-culture system (Figure 5A,

right) suggest that IGF-1 is a key activator of stromal-
epithelial interactions.

The MAPK (including ERK, p38, and JNK) pathway is
a major regulator of cell proliferation, apoptosis, and
differentiation.34,35 Other groups have shown that BPH
can be stimulated by activation of MAPKs.36 To deter-
mine the role of MAPKs in our model, we evaluated
MAPK-related proteins after exogenous stimulation
with IGF-1 in our co-culture system in the presence or

Figure 2. Fibroblasts promote BPH-1 cellular proliferation. A: Proliferation
of BPH-1 cells in co-culture with c-jun�/� or c-jun�/� fibroblasts, or in
monoculture. c-jun�/� fibroblasts promote proliferation of prostate epithe-
lial cells. B: Proliferation of BPH-1 cells cultured with conditioned media
(CM) from c-jun�/� or c-jun�/� fibroblasts. CM from c-jun�/� promote
proliferation of BPH-1 cells. Control sample is cultured in DMEM with the
same FBS concentration in the CM.

Figure 3. c-jun�/� fibroblasts express and excrete more growth factors than
c-jun�/� fibroblasts. A: RT-PCR semiquantitative analysis of fibroblasts with
different c-jun genotypes. IGF-1, KGF, and GM-CSF are expressed at higher
levels in c-jun�/� cells than c-jun�/� cells. B: ELISA for IGF-1 using mouse-
specific IGF-1 antibody in monocultures or co-cultures after 3 days. IGF-1 is
preferentially expressed from c-jun�/� cells. C: ELISA assay for IGF-1 in
c-jun�/� fibroblasts in monoculture suggests increased levels of IGF-1 in a
time-dependent manner. Data represent the means and SDs from three
independent experiments.

Stromally Expressed c-Jun in BPH 1193
AJP October 2007, Vol. 171, No. 4



absence of stromally expressed c-Jun. We found that
the total protein levels for ERK 1/2, p38, and JNK
remained the same, yet the phosphorylated levels of
ERK 1/2 and p38 were increased in the presence of
exogenous IGF-1 (Figure 5B, left). Likewise, we ob-
served increased levels of p-ERK 1/2 in the BPH-1 cells
when co-cultured with fibroblasts expressing c-Jun
(Figure 5B, right). Expression of phospho-p38 in the
co-cultures was less pronounced than in the mono-
cultures, but we saw no significant change in JNK
protein levels in the mono- and co-culture systems
(Figure 5B).

IGF-1 has been shown to be a key activator of the
PI3K/Akt pathway and a key regulator of cellular prolifer-
ation, cell cycle, apoptosis, and tumor progression.37,38

We found that exogenous IGF-1 (monocultures) and stro-
mally expressed c-Jun (co-cultures) both promoted in-
creased levels of p-Akt but not total Akt levels (Figure
5C). These results suggest that stromal fibroblasts are
capable of activating MAPKs and Akt in the BPH-1 pros-
tate epithelial cells by secreting IGF-1 as a paracrine
mediator. The expression of c-Jun in the stromal cells,
therefore, plays an important role in mediating secretion
of IGF-1 and epithelial cell proliferation.

IGF-1 and Stromally Expressed c-Jun Regulate
Cyclin D Levels in Prostate Epithelial Cells

Both MAPKs and Akt are critical kinases that regulate a
variety of biological processes including survival, prolif-
eration, apoptosis, and differentiation through down-
stream targets.34,35,37,38 One family of these downstream
targets is the D cyclins (cyclins D1, D2, and D3) and their
associated cyclin-dependent kinases (CDK4 or CDK6),
which are essential components of the core cell-cycle
machinery.39–41 Dysregulated expression of cyclins in-
duces abnormal cellular proliferation that can lead to
hyperplastic and malignant conditions.42,43 We wished to
determine whether cyclins and CDKs are up-regulated
by IGF-1 and stromal-epithelial interactions in BPH. We
found that cyclins D1, D2, and D3 protein levels in BPH-1
cells are increased after treatment with IGF-1. In addition,
BPH-1 cells co-cultured with c-jun�/� fibroblasts showed
a higher expression of cyclin D1, D2, and D3 protein
levels than when either BPH-1 cells were in monoculture
or when BPH-1 cells were co-cultured with c-jun�/� cells.
Increased levels of cyclin D2 and D3 were particularly
pronounced in the BPH-1 cells that were co-cultured with
c-jun�/� cells (Figure 6A). We found that exogenous

Figure 4. IGF-1 promotes BPH-1 cellular proliferation through the IGF-1 receptor. A: Increased exogenous concentration of IGF-1 promotes proliferation of
BPH-1 cells. B: Immunofluoroscopy using IGF-1 receptor antibody indicated that there are abundant IGF-1 receptors on the surface of BPH-1 cells. IGF-1 receptor
inhibitor I-OMe-AG538 (C) and IGF-1 neutralizing antibody (D) partly abrogate the ability of c-jun�/� fibroblasts to promote BPH-1 proliferation in co-culture.
Data represent the means and SDs from three independent experiments (*P � 0.05).
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IGF-1 and stromally expressed c-Jun promote expres-
sion of cyclin D levels. But we did not observe any
change in CDK4 or CDK6 levels in BPH-1 cells in our
mono- or co-culture systems (Figure 6B).

CDK inhibitor p27 (Kip1) is an important regulator of the
cell cycle. Degradation of p27 is critical for re-entry of cells
into the cell cycle and proliferation. Alterations of p27
gene expression have been found in BPH and prostatic
carcinoma.44 In this study, we found that exogenous
IGF-1 decreased the p27 protein level in BPH-1 cells.
Similarly, intracellular p27 protein levels of BPH-1 cells
decreased significantly when co-cultured with c-jun�/�

fibroblasts, particularly after 24 hours of co-culture (Fig-
ure 6C). Therefore, these data indicate that D cyclins and

the CDK inhibitor p27 are target genes that promote
proliferation of epithelial cells in stromal-epithelial inter-
actions, and IGF-1 acts as a paracrine molecule between
stromal-epithelial cross talk.

IGF-1 Increases Cyclin D Levels and Stimulates
BPH-1 Proliferation in a PI3K/Akt-Dependent
Manner

As shown in Figures 4, 5, and 6, IGF-1 promoted prolifera-
tion of BPH-1 cells and activated p-Akt and up-regulated
cyclin D levels. We then investigated if proliferation of BPH-1
cells by IGF-1 could be blocked in an Akt-dependent man-
ner. We found that cellular proliferation of BPH-1 cells was
increased in the presence of exogenous IGF-1. We also
found that the PI3 kinase inhibitor (LY294002) inhibited pro-
liferation of BPH-1 cells, which was not rescued by exoge-
nous IGF-1 exposure (Figure 7A).

Next, we determined if cyclin D expression was medi-
ated through activation of Akt. We found that in the pres-
ence of PI3K inhibitor (LY294002) there was no increase
in Akt phosphorylation after IGF-1 simulation. Similarly,
activation of cyclin D was abrogated in the presence of
PI3 kinase inhibitor, LY294002 (Figure 7B). To confirm the
IGF-1/Akt/cyclin D signaling axis in the prostate stromal-
epithelial interactions, we used the IGF-1R inhibitor I-
OMe-AG538 to inhibit IGF-1’s ability to stimulate BPH-1
cells. We found that the IGF-1R inhibitor eliminated IGF-
1’s ability to promote p-Akt in both monoculture and
co-culture systems. Neither exogenous IGF-1 (monocul-

Figure 5. IGF-1 and stromally expressed c-Jun activate regulators of cell
proliferation in prostate epithelial cells. IGF-1 activates IGF-1R tyrosine ki-
nase (A), MAPK (B), and Akt (C) in BPH-1 cells. The left panels represent
levels of indicated proteins in BPH-1 cells with the addition of exogenous
recombined IGF-1 (24-hour exposure), whereas the right panels show the
levels of the indicated proteins in BPH-1 cells that were co-cultured with
either c-jun�/� or c-jun�/� fibroblasts for 24 hours.

Figure 6. IGF-1 and stromally expressed c-Jun regulate cell cycle proteins in
prostate epithelial cells. A: Cyclin D1, D2, and D3 protein levels increased in
BPH-1 cells with exogenous IGF-1 (24-hour exposure) and with c-jun�/�

co-cultures. B: CDK4 and CDK6 protein levels in BPH-1 cells did not change
significantly with either exogenous IGF-1 or with c-jun�/� co-cultures. C:
CDK inhibitor p27 protein levels are decreased with exogenous IGF-1 or with
c-jun�/� co-cultures.

Figure 7. IGF-1 and stromally expressed c-Jun up-regulate cyclin D levels
and stimulate BPH-1 proliferation in a PI3K/Akt-dependent manner. Cell
proliferation assay (A) and Western blot analysis (B) in the presence or
absence of the PI3K/Akt inhibitor LY294002. C: Phospho-Akt and cyclin D
protein levels in the presence of IGF-1 receptor inhibitor I-OMe-AG538 in
monocultures and co-cultures.
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ture) nor stromally expressed c-Jun (co-culture) could
promote p-Akt in BPH-1 cells in the presence of the
IGF-1R inhibitor (Figure 7C). In addition, in the presence
of the IGF-1R inhibitor, we observed much lower levels of
cyclin D1 and cyclin D2 in both mono- and co-culture
experiments. And in the presence of the IGF-1R inhibitor,
the cyclin D levels in BPH-1 cells that were co-cultured
were higher than cyclin D levels that were in monoculture
suggesting there are alternate pathways to increase cy-
clin D levels other than the IGF-1 axis. These results then
indicate that stromal-epithelial interactions via IGF-1 stim-
ulate cyclin D levels and BPH-1 cellular proliferation
through an Akt-dependent pathway. Therefore, Akt acts
as an important regulator of signal transduction between
stromal and epithelial cells.

Exogenous IGF-1 and c-jun�/� Fibroblasts
Promote Proliferation of Prostate Cancer Cells

To examine whether stromal expression of c-Jun is spe-
cific to nontumorigenic cells, we used the androgen-
dependent CWR22-Rv1 prostate cancer cells45,46 in our
monoculture and co-culture experiments. CWR22-Rv1
prostate cancer cells had increased proliferation rate
when co-cultured with c-jun�/� fibroblasts (see Supple-
mental Figure S1A, available online at http://ajp.amjpathol.
org) or when exposed to exogenous IGF-1 (see Supple-
mental Figure S1B, available online at http://ajp.amjpathol.
org). Similar to our findings for BPH-1 cells, p-Akt levels
and cyclin D levels were also increased in the CWR22-
Rv1 cells when co-cultured with c-jun�/� cells or when
exposed to IGF-1 in monocultures (see Supplemental
Figures S2A and S2B, available online at http://ajp.
amjpathol.org). However, one important difference be-
tween the tumorigenic CWR22-Rv1 cells and the nontu-
morigenic BPH-1 cells in our systems is that p-ERK 1/2
levels are not increased from the baseline in the CWR22-
Rv1 cells when the cells are exposed to exogenous IGF-1
or when the cells are in co-culture with c-jun�/� fibro-
blasts (see Supplemental Figure S3, available online at
http://ajp.amjpathol.org). One potential explanation could
be that the baseline expression level of p-ERK 1/2 in the
tumorigenic CWR22-Rv1 cells is very high; therefore, nei-
ther exogenous IGF-1 nor co-cultures with c-jun�/� cells
has any added effect on the level of p-ERK 1/2.

Discussion

BPH is defined as hyperplasia and nonmalignant growth
associated with both stromal and epithelial compartments
of the prostate.10,47 Molecular cross talk between the stro-
mal and epithelial cells is important in maintaining proper
homeostasis. Stromal-epithelial interactions not only play a
critical role in development and growth of the normal pros-
tate gland but also play a role in such abnormalities of the
prostate gland as BPH and prostate carcinoma. Stromal
cells can affect BPH progression by regulating epithelial
proliferation, apoptosis, and angiogenesis.48,49 This mutual

cross talk is mediated by cell surface protein, extracellular
matrix, and soluble factors.19,50

Aging and androgens are the two established risk
factors for development of BPH.51–54 Recent studies sug-
gest that androgens alone may not be the sole contrib-
uting factor to progression and development of clinically
significant BPH.33 Moreover, androgens may act indi-
rectly on the prostate through production of growth fac-
tors.55 The prostatic stroma contains many cellular com-
ponents including fibroblasts, smooth muscle cells,
blood vessels, and nerve fibers. Numerous studies have
demonstrated that stromal cells are important producers
of multiple soluble growth factors, which are important for
normal tissue development and growth.33,56 Accordingly,
stromal-epithelial interactions and stromal-derived solu-
ble factors can play a pivotal role in promoting develop-
ment of BPH. In this study, we report that human prostatic
stroma differentially expresses c-Jun. We show that IGF-1
functions as a paracrine stromally secreted molecule that
promotes BPH-1 cellular proliferation via the IGF-1R/Akt/
cyclin D axis (Figure 8).

The fibroblast is a major cell type of the stromal com-
partment and as such is involved intimately in orchestrat-
ing the stromal half of the dialogue in tissue homeostasis.
In the past, we have shown that the stromal fibroblasts
within and surrounding a tumor (described as the carci-
noma-associated fibroblasts) can alter epithelial mor-
phology, potentiate cell proliferation, reduce cell death,
and direct tumor progression of initiated human prostatic
epithelium. Notably this effect is not detected when nor-
mal human prostatic fibroblasts were grown with the
prostatic epithelium.57,58 When we compared fibroblasts
cultured from carcinoma-associated fibroblasts to normal
human prostatic fibroblasts, we found that transforming
growth factor-�1 was expressed in higher concentrations
in carcinoma-associated fibroblasts than in normal hu-

Figure 8. The role of stromally expressed c-Jun protein in stromal-epithelial
interactions in BPH. Stromally expressed c-Jun promotes IGF-1 expression
and paracrine signaling to enhance prostate epithelial proliferation.
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man prostatic fibroblasts.59 These results suggest that
stromal cells are critical for regulating epithelial activities
including hyperplasia, transformation, apoptosis, and dif-
ferentiation through paracrine factors.

During tumorigenesis, the prevailing models suggest
that epithelial cells acquire multiple genetic muta-
tions.60,61 Modification of fibroblasts in the stroma imme-
diately adjacent to transformed epithelial cells has been
documented in several tumor systems.58,62,63 We dem-
onstrate herein that stromally expressed c-Jun plays a
crucial function in regulating proliferation of prostate ep-
ithelial cells.

c-Jun is an important member of the AP-1 family of
transcription factors that regulates cellular proliferation,
apoptosis, and differentiation.19,21,22 Embryos lacking a
functional c-jun gene die during mid-gestation.28,64 Al-
though c-Jun, as an oncogene, has been extensively
studied in single cell systems, very little is known, how-
ever, about c-Jun’s function in stromal-epithelial cross-
talks. We have found that c-Jun is predominantly ex-
pressed in the prostatic stroma as demonstrated by
microarray and immunohistochemical studies. Moreover,
Szabowski and colleagues19,20 have shown that the c-
Jun protein expressed in fibroblasts plays an important
role in directing epithelial cell organogenesis and tissue
homeostasis in skin. Based on these observations, we
hypothesized that stromally expressed c-Jun may play a
role in the stromal-epithelial interaction through paracrine
signals in BPH. We found that c-jun�/� fibroblasts produced
and secreted predominantly IGF-1, whereas c-jun�/� fibro-
blasts lacked this ability. Recent studies have suggested
that IGF-1 and IGF-binding protein-3 (IGFBP-3) are associ-
ated with BPH development.14,27,33,65 Here, we report stro-
mally expressed c-Jun can regulate IGF-1 levels. Al-
though it is established that IGF-1 is an activator of Akt
and can promote cell proliferation,37,38 the precise mech-
anism is still unclear. Our data suggest that IGF-1 pro-
motes BPH-1 proliferation by increasing cyclin D protein
levels in monoculture and co-culture systems. Moreover,
the increase of cyclin D in our stromal-epithelial model
system is increased in an Akt-dependent manner. As a
result, stromal expression of c-jun can affect expression
of IGF-1 and prostate epithelial cellular proliferation
(Figure 8).

The availability of suitable model systems is one of the
major limitations in elucidating the molecular mechanism
associated with development of BPH, a medical condi-
tion that affects more than 90% of men age 85 years or
older worldwide.1 In this study, we used genetically mod-
ified c-Jun stromal cells based on initial results that sug-
gested compartmentalization and expression of c-Jun in
human prostatic stroma tissue samples in microarray and
immunohistochemical studies. Using genetically modi-
fied stromal cells enabled us to examine if stromal ex-
pression of c-Jun affects prostate epithelial proliferation.
We conclude that stromal expression of c-Jun promotes
expression of IGF-1, which can function as a paracrine
molecule between stromal and epithelial cells. IGF-1 pro-
motes prostate epithelial proliferation via an Akt-depen-
dent pathway leading to up-regulation of the cyclin D
family proteins. Identification of the signal transduction

pathways between prostate epithelial cells and the sur-
rounding stromal cells will, therefore, greatly improve our
understanding of the normal and abnormal biology in
prostatic diseases.
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